Hepatitis C virus (HCV) infection is a major cause of chronic hepatitis, liver cirrhosis, and hepatocellular carcinoma. Our laboratory has previously demonstrated that high-level HCV replication during acute infection of chimpanzees is associated with the modulation of multiple genes involved in lipid metabolism, and that drugs that regulate cholesterol and fatty acid biosynthesis regulate the replication of the subgenomic HCV replicon in Huh-7 cells. In this article, we demonstrate that Huh-7 cells harboring replicating, full-length HCV RNAs express elevated levels of ATP citrate lyase and acetyl-CoA synthetase genes, both of which are involved in cholesterol and fatty acid biosynthesis. Further, we confirm that the cholesterol-biosynthetic pathway controls HCV RNA replication by regulating the cellular levels of geranylgeranyl pyrophosphate, we demonstrate that the impact of geranylgeranylation depends on the fatty acid content of the cell, and we show that fatty acids can either stimulate or inhibit HCV replication, depending on their degree of saturation. These results illustrate a complex cellular-regulatory network that controls HCV RNA replication, presumably by modulating the trafficking and association of cellular and͞or viral proteins with cellular membranes, suggesting that pharmacologic manipulation of these pathways may have a therapeutic effect in chronic HCV infection.
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cholesterol ͉ replicon H epatitis C virus (HCV), a member of the Flaviviridae family of viruses, is a major cause of chronic hepatitis and hepatocellular carcinoma (1, 2) . The HCV genome is a positivestranded Ϸ9.6-kb RNA molecule consisting of a single ORF, which is flanked by 5Ј and 3Ј untranslated regions (UTR). The HCV 5Ј UTR contains a highly structured internal ribosome entry site (3) (4) (5) (6) (7) (8) , and the 3Ј UTR is essential for replication (9, 10) . The HCV ORF encodes a single 3,008-to 3,037-aa polyprotein that is posttranslationally processed to produce Ն10 different proteins: core protein, envelope proteins E1 and E2, p7, and nonstructural proteins NS2, NS3, NS4A, NS4B, NS5A, and NS5B (1, 8, 11) . Our understanding of the biology of HCV RNA replication has been greatly facilitated by the development of subgenomic and full-length HCV replicons that express HCV proteins and replicate their RNA in stably transfected human hepatoma-cell-derived Huh-7 cells.
Our laboratory has previously demonstrated (12) that multiple cellular genes involved in lipid metabolism are differentially regulated during viral spread in acutely infected chimpanzees, and that ATP citrate lyase, which is required for cholesterol and fatty acid biosynthesis, is induced during the initial rise of high-level HCV replication during acute infection in chimpanzees. There is considerable evidence suggesting that the cholesterol and fatty-acid-biosynthesis pathways may play a role in HCV replication and infection. Steatosis, i.e., the formation of hepatocellular lipid droplets, is a well documented histological characteristic of HCV infection in humans, chimpanzees, and mouse models of HCV core-protein expression (13) (14) (15) . Furthermore, HCV core and NS5A proteins associate with lipid droplets, and NS5A has been reported to associate with apolipoproteins A1 and A2 (16, 17) . These data strongly suggest that HCV may directly affect one or more steps in cholesterol and͞or fatty acid biosynthesis. This is not surprising because cholesterol, fatty acids, and lipid rafts have been demonstrated to be critical for efficient replication and͞or infection of RNA and many DNA viruses (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) .
Genes encoding enzymes involved in cholesterol and fatty acid biosynthesis are transcriptionally regulated by sterol regulatory element-binding proteins (SREBPs), which are members of a family of the basic helix-loop-helix leucine-zipper family of transcription factors (reviewed in ref. 28 ). Whereas SREBP-2 plays a critical role in cholesterol biosynthesis, SREBP-1c regulates the expression of enzymes involved in fatty acid biosynthesis in the liver, e.g., fatty-acid synthase (FAS) and stearoylCoA desaturase-1 (29, 30) . SREBPs are transcriptionally controlled by liver X receptors (LXRs) ␣ and ␤, which are members of a family of nuclear hormone receptors (31) . In addition to the synthesis of sterols, enzymes involved in cholesterol biosynthesis also generate the isoprenoids, farnesyl pyrophosphate and geranylgeranyl pyrophosphate, which are covalently attached to proteins and essential for their membrane association (reviewed in ref. 32 ). Saturated and monounsaturated fatty acids are a major component of biological membranes. In addition, a third class of fatty acids, polyunsaturated fatty acids (PUFAs), which are generated from dietary linoleate and linolenate by ⌬5-and ⌬6-desaturase enzymes, are involved in multiple cellular processes such as regulation of gene expression, defense against certain pathogens, interference with immune cell function, and regulation of activities of membraneassociated enzymes (33) (34) (35) (36) (37) (38) . In this article, we demonstrate that HCV RNA replication in Huh-7 cells is strongly regulated by pharmacological manipulation of the cholesterol and fatty-acidsynthetic pathways. Furthermore, we demonstrate that, whereas saturated and monounsaturated fatty acids are required for HCV RNA replication, PUFAs inhibit HCV replication by a mechanism that is independent of their ability to suppress lipogenic gene expression.
Materials and Methods
Tissue Culture and Generation of the Stable HCV Full-Length Replicon Cell Line. The SfiI HCV full-length replicon (genotype 1b) was obtained from Ralf Bartenschlager (University of Heidelberg, Heidelberg). An Huh-7 cell clone that stably replicates the full-length HCV RNA (called SfiI in this article) was used in all experiments and passaged as described in refs. 39-41. SfiI cells were treated with IFN␣, as described in ref. 42 , to eliminate self-replicating full-length SfiI replicon RNA (designated as IFN ''cured'' in this article). SfiI cells were cultured in complete DMEM supplemented with 10% FCS, 100 units͞ml penicillin, 100 mg͞ml streptomycin, 2 mM L-glutamine, and 500 g͞ml geneticin (Invitrogen). For all drug treatments, SfiI cells (Ϸ8 ϫ 10 4 ) were seeded into 60-mm tissue-culture dishes in complete DMEM without geneticin. Two days later, cells were treated with respective small molecules in medium containing 5% FCS. In all drug treatments, cells were treated with vehicle alone (designated as mock-treated cells), which never exceeded 0.1% of the total volume.
Cholesterol and Fatty-Acid-Biosynthesis Inhibitors. Lovastatin (Calbiochem) was activated as described in refs. 43 and 44. For mock-treated cells, the activation procedure was performed in the absence of lovastatin. L-659,699 and zaragozic acid A (ZA) (Merck) were dissolved in DMSO (Sigma) at concentrations of 50 mg͞ml and 5 mg͞ml. 5-(Tetradecyloxy)-2-furoic acid (TOFA) (obtained from Craig Townsend, The Johns Hopkins University, Baltimore) was dissolved in DMSO at a final concentration of 5 mg͞ml. The LXR agonist T0901317 (Cayman Chemicals, Ann Arbor, MI) was dissolved at a concentration of 5 mM.
Generation of Ribonuclease-Protection Assay (RPA) Probes for Genes
Involved in Cholesterol and Fatty Acid Biosynthesis. RPA probes were generated by PCR using gene-specific primers. Each antisense primer had a unique HindIII restriction site added to linearize the template. Total RNA was isolated as described above and RPA was performed as described in ref. 45 . The sequences for each primer are as follows: ATP citrate lyase (sense) 5Ј-CTCCGATGAGACCATCTACATT-3Ј and (antisense) 5Ј-ATCAAGCTTGTACTCTTGCCAGTTCAT-TGAGA-3Ј; acetyl-CoA synthetase (sense) 5Ј-AAGGAT-GCCCGGCTATGAT TGGT-3Ј and (antisense) 5Ј-AT-CA AGCT TCGAGTGGTGTGATGCCGAGGAC-3Ј; FAS (sense) 5Ј-TGTCGTTGGTGCTCATCGTC-3Ј and (antisense) 5Ј-ATCA AGCT T TGGTCT TGAGAGATGGCT-TGA-3Ј; hydroxymethylglutaryl (HMG)-CoA synthase (sense) 5Ј-ATCA AGCT T TATGCCCTGGTAGT TGCAGGAG-3Ј and (antisense) 5Ј-T TGCCTCT T TCTGCCACTGG-3Ј; HMG-CoA reductase (sense) 5Ј-ATCAAGCTTTACCA-TGTCAGGGGTACGTC-3Ј and (antisense) 5Ј-CAAGCCT-AGAGACATAATCATC-3Ј; squalene synthase (sense) 5Ј-A A A A ACTCTGCCATCCCA ATGC-3Ј and (antisense) 5Ј-ATCAAGCTTAAGAAGGTCCCGCTGTTACACAA-3Ј; L32 (sense) 5Ј-GCGATCTCGGCACAGTAAGATTT-3Ј and (antisense) 5Ј-ATCAAGCTTCTTGATGCCCAACATTG-GTTATG-3Ј. Gels were dried down, and bands were visualized and quantitated as described in refs. 46 -48. Fatty Acids. Saturated (lauric, myristic, and palmitic), monounsaturated (oleic), and polyunsaturated [arachidonic, eicosapentaenoic (EPA), and docosahexaenoic (DHA)] fatty acids (Sigma) were complexed to fatty-acid-free BSA (Sigma) as described in ref. 49 . Mock-treated cells were treated with equivalent amounts of BSA in the absence of any complexed fatty acids.
Northern and Western Blot Analyses. Total RNA was extracted from transfected cells at various times posttreatment and 7-8 g of total RNA was loaded onto the gel. Generation of the probe and hybridization for positive-stranded HCV and GAPDH transcripts was performed as described in ref. 45 . Western blot analysis was performed on 40-60 g of total protein lysates by using antibodies to NS3, NS5A, and NS5B, as described in ref. 45 . Relative quantitation of protein bands (normalized to GAPDH protein-expression levels) was performed by using OPTIQUANT imaging software (Packard).
Reverse Transcription and Real-Time PCR Analysis. Reverse transcription reactions and real-time PCR analyses were performed as described in ref. 45 . Primers to detect gene expression of GAPDH and SREBP-1c, -1a, and -2 isoforms were generated by using sequences described in refs. 45 and 50. Analysis of relative gene expression of SREBP isoforms was performed as described in refs. 45 and 51 by normalizing to GAPDH expression levels.
Statistical Analyses. All statistical analyses were performed by using Microsoft EXCEL software. All graphs represent the mean Ϯ SD. P values for real-time PCR data were determined by using a paired t test. Because multiple lipid-metabolism genes were regulated during high-level HCV replication in acutely infected chimpanzees (12), we wanted to determine whether lipogenic gene expression was altered in Huh-7 cells containing the full-length genotype 1b HCV replicon (designated as SfiI). Using RPA analysis, we determined that ATP citrate lyase and acetyl-CoA synthetase gene expression was induced Ϸ3.01-fold (P ϭ 0.023) and Ϸ1.96-fold (P ϭ 0.042), respectively, in SfiI cells (Fig. 1) , as compared with IFN-cured replicon cells (described in Materials and Methods), which were negative for HCV RNA by Northern blot analysis ( Fig. 1 Inset) or real-time RT-PCR (data not shown). Gene expression in parental Huh-7 was similar to that seen in IFN-cured cells (data not shown). In contrast, no significant differences were detected in expression levels of other enzymes involved in cholesterol or fatty acid biosynthesis (Fig. 1) . These data, along with previous gene-expression profiling analyses in acutely infected chimpanzees (12) , suggest that HCV may directly or indirectly induce cholesterol and͞or fatty-acidbiosynthetic gene expression.
Results

ATP
Inhibition of Geranylgeranylation Decreases HCV RNA Replication and
HCV Protein Expression. We (12) and others (52) have reported that HCV RNA replication is positively and negatively regulated by activators and inhibitors, respectively, of the cholesterol biosynthetic pathway, and that the inhibitory effect can be overcome by the addition of geranylgeraniol (52) . To confirm and extend these observations, we showed that lovastatin, a potent inhibitor of HMG-CoA reductase, inhibited HCV RNA replication up to Ϸ22-fold ( Fig. 2A) , and that this inhibition could be blocked by the addition of geranylgeraniol but not farnesol, as described in ref. 52 . Furthermore, we showed that, under baseline conditions, the addition of both geranylgeraniol and farnesol induced HCV replication Ϸ4.5-and Ϸ3.6-fold, respectively (Fig. 2D) . Collectively, these results suggest not only that geranylgeranylation of a host and͞or viral protein(s) regulates HCV RNA replication under baseline conditions but also that the enhancement of these functions in response to the induction of lipogenic gene expression may promote viral replication during HCV infection. To confirm that the antiviral effect of lovastatin was not due to inhibition of cell-cycle progression, we analyzed cell-cycle progression in carboxyfluorescein diacetate succinimidyl ester (CFSE)-labeled SfiI cells treated with lovastatin. No effect on cell-cycle progression was observed (data not shown).
Because lovastatin has adverse effects on many host cellular processes (53, 54), we also treated SfiI cells with L-659,699 and ZA, which are specific inhibitors of HMG-CoA synthase (55, 56) and squalene synthase (57), respectively. Treatment of SfiI cells with L-659,699 also inhibited HCV RNA replication in a dosedependent manner [Ϸ4.5-and Ϸ18.9-fold at 5 and 10 g͞ml doses, respectively, at 3 days posttreatment (Fig. 2B) ] without any detectable effect on cell-cycle progression (data not shown). Whereas treatment with lovastatin and L-659,699 resulted in a dose-dependent decrease in expression of HCV nonstructural proteins NS3, NS5A, and NS5B (Fig. 3 A, C, and E) , the kinetics of decrease of NS5A and NS5B more closely mimicked the decay of HCV RNA (Fig. 3 B and D) . Treatment of SfiI cells with ZA resulted in a Ϸ15-fold induction of HCV replication (Fig. 2C) . Because ZA treatment has been demonstrated to induce the accumulation of upstream intermediates and͞or upstream enzyme gene expression (57, 58), we wanted to confirm that the induction in HCV RNA replication was due to an accumulation of upstream intermediates (i.e., geranylgeranyl pyrophosphate) and not due to the lack of downstream products. Therefore, we incubated ZA-treated cells in the presence of low-density lipoprotein (LDL) because it has been demonstrated that cholesterol needs can be met by exogenous supplementation via the LDL-receptor system (59) . Treatment of SfiI cells with LDL did not prevent the induction of HCV RNA caused by ZA treatment (Fig. 2C) . Taken together, these data confirm that inhibition of geranylgeranylation, rather than the synthesis of cholesterol itself, is responsible for the inhibition of HCV RNA replication.
Inhibition of Fatty Acid Biosynthesis Inhibits HCV RNA Replication and
HCV Protein Expression. To determine whether the fatty acid biosynthetic pathway plays a role in regulating HCV replication, we inhibited the enzyme acetyl-CoA carboxylase by using TOFA (60, 61) . Treatment of SfiI cells with TOFA resulted in a Ϸ3-fold inhibition of HCV RNA replication (Fig. 4A) , consistent with previous published results from our laboratory (12) using a FAS inhibitor. As expected, treatment of SfiI cells with TOFA also resulted in decreased HCV protein expression (Fig. 3) . Because TOFA and cerulenin inhibit global fatty acid synthesis (61, 62), we studied the impact of representative saturated (lauric, myristic, and palmitic) and monounsaturated (oleic) fatty acids on HCV RNA replication in SfiI cells. As shown in Fig. 4B , lauric, myristic, palmitic, and oleic acids induced HCV RNA replication [Ϸ1.9-fold (P ϭ 0.0174), Ϸ2.1-fold (P ϭ 0.018), Ϸ2.1-fold (P ϭ 0.0184), and Ϸ2.5-fold (P ϭ 0.0029), respectively, at 4 days posttreatment; Fig. 4B ], demonstrating that fatty acid synthesis and, in particular, these saturated and monounsaturated fatty acids were required for HCV RNA replication.
Because the addition of geranylgeranyl isoprenoids to certain proteins facilitates their interactions with membrane bilayers that contain fatty acids as a major component (32, 63) , we proposed that deregulation of fatty acid synthesis may affect membrane integrity, and, thus, affect the localization and͞or function of prenylated proteins. Therefore, we examined whether the prenylation and fatty-acid-synthetic pathways worked together in regulating HCV RNA replication. To test this effect, we incubated geranylgeraniol-treated SfiI cells in the presence or absence of TOFA. Whereas the addition of geranylgeraniol induced HCV RNA replication by Ϸ3.5-fold, this increase could be completely blocked by the fatty-acid-synthesis inhibitor TOFA (Fig. 4A) , suggesting that both these pathways are required for efficient HCV RNA replication to occur.
Exogenous Addition of PUFAs Inhibits HCV RNA Replication. It is noteworthy that the inhibitors of acetyl-CoA carboxylase (Fig.  4A) and FAS (12) that suppress HCV RNA replication have no effect on PUFA synthesis. In contrast to saturated and monounsaturated fatty acids, PUFAs have long been known for their antilipogenic effects (64 -66) . Thus, we hypothesized that PUFAs might suppress HCV RNA replication. Indeed, whereas saturated (lauric, myristic, and palmitic) and monounsaturated (oleic) fatty acids induced HCV RNA replication at 4 days posttreatment (Fig. 4B) , PUFAs, such as arachidonic acid, EPA, and DHA, inhibited HCV RNA replication at even 1 day posttreatment [Ϸ4.5-fold (P ϭ 0.0005), Ϸ3-fold (P ϭ 0.0047), and Ϸ6.4-fold (P ϭ 0.0002) for arachidonic acid, EPA, and DHA, respectively (Fig. 4B) ]. Treatment with PUFAs had no detectable effect on cell-cycle progression (data not shown).
The LXR-SREBP-1c Pathway Does Not Play a Role in PUFA-Mediated
Suppression of HCV Replication. Using the fatty acid synthesis inhibitors TOFA (Fig. 3A) and cerulenin (12), we have demonstrated that HCV RNA replication requires the synthesis of fatty acids. PUFAs have been demonstrated to inhibit de novo fatty acid and triglyceride synthesis, in part, by acting as antagonists of the nuclear receptor LXR␣, and, thus, inhibiting transcription of lipogenic genes such as SREBP-1c, FAS, and stearoyl-CoA desaturase (64) (65) (66) (67) (68) . Therefore, we wanted to determine whether the PUFA-mediated inhibition of HCV RNA replication was mediated through antagonism of the LXR-SREBP-1c pathway. As expected, PUFAs, but not the saturated or monounsaturated fatty acids, inhibited gene expression of SREBP-1c and FAS (Fig. 6 B and C , which is published as supporting information on the PNAS web site), whereas expression of SREBP-2, which is preferentially involved in inducing cholesterol-biosynthetic enzyme gene expression, was not significantly changed (Fig. 6D) . Thus, PUFAs specifically inhibited SREBP-1c and FAS gene expression in Huh-7 cells replicating the SfiI HCV replicon, consistent with the previously published (64, 69) role of PUFAs in hepatocytes. To determine whether PUFA-mediated inhibition of LXR␣ activation was the mechanism by which HCV RNA replication was being inhibited, we treated SfiI cells with PUFAs in the presence or absence of an LXR agonist T0901317, which has been previously reported (70, 71) to induce expression of SREBP-1c, FAS, and stearoyl-COA desaturase. T0901317 not only induced the expression of SREBP-1c and FAS in the SfiI cells, it also rescued the inhibitory effect of arachidonic acid, EPA, and DHA on SREBP-1c and FAS expression (Fig. 5 ). However, T0901317 had no effect on baseline HCV RNA replication, and it did not reverse the antagonistic effects of PUFAs (Fig. 5C ). These results suggest that the PUFAs inhibit HCV RNA replication by a mechanism that is independent of their ability to inhibit lipogenic gene expression by antagonizing LXR␣.
Discussion
We have demonstrated that elements of the cholesterol and fatty-acid-biosynthetic pathways are required for HCV RNA replication in Huh-7 cells that stably replicate the full-length SfiI HCV replicon. Using small-molecule inhibitors that interfere with cholesterol biosynthesis, we demonstrated that geranylgeranylation is essential for HCV RNA replication, as described by Ye et al. (52) . Whereas the large delta antigen of the hepatitis delta virus contains a CXXX motif and is farnesylated (59) , no consensus CAAX motifs are present in the HCV polypeptide sequence. This observation led Ye et al. (52) to suggest that one or more host geranylgeranylated proteins are needed for HCV RNA replication to occur. In the current study, we have shown that geranylgeraniol and farnesol actually stimulate HCV RNA replication, suggesting that they may exert a proviral effect as a result of the induction of lipogenic gene expression in repliconcontaining Huh-7 cells (Fig. 1) and in acutely infected chimpanzees (12) . Our results further demonstrate that the proviral effect of geranylgeraniol is antagonized by the acetyl-CoA carboxylase inhibitor, TOFA, suggesting that geranylgeranylation alone does not mediate efficient HCV RNA replication, but that fatty acid synthesis is required as well, perhaps to help form the fatty-acidcontaining cellular membranes to which the putative geranylgeranylated protein(s) are most likely targeted. Furthermore, Western blot data suggest that NS5A and NS5B proteins seem to disappear faster than does NS3 after treatment with cholesterol-synthesis inhibitors (Fig. 3) . Whereas the actual half-lives of these proteins in replicon-containing cells is unknown, it is possible that NS5A and͞or NS5B localization to the intracellular membrane and HCV-replication complex may directly or indirectly depend on the geranylgeranylated protein(s). Further experiments will be needed to address this issue.
Inhibition of fatty acid synthesis by inhibiting acetyl-CoA carboxylase led to a decrease in HCV replication, consistent with our previously published data (12) , which demonstrated that inhibition of FAS by using the drug cerulenin inhibited replication of the subgenomic HCV RNA replicon. We have further demonstrated that saturated and monounsaturated fatty acids can enhance HCV RNA replication, consistent with the requirement of the fatty-acid-biosynthetic pathway in HCV RNA replication. Our data suggest that saturated and monounsaturated fatty acids are required for efficient HCV replication, most likely, in part, by maintaining optimal membrane structure. As HCV replication has been demonstrated to occur in an HCVinduced ''membranous web,'' consisting of modified lipidcontaining intracellular vesicles (72, 73) , it is plausible to propose that fatty acids may be needed for proper architecture of this structure that is required for HCV RNA replication to occur. However, further experiments are warranted to fully determine the role(s) of saturated and monounsaturated fatty acids in HCV replication.
We also demonstrated that PUFAs inhibit HCV RNA replication by a mechanism(s) that is independent of their ability to antagonize LXR activation. PUFAs dramatically inhibited HCV RNA replication (Fig. 4B) , which is consistent with recent data published by Leu et al. (74) . PUFAs have long been known to suppress hepatic lipogenesis, reduce hepatic triglyceride levels, and induce fatty-acid oxidation and degradation (75) (76) (77) . Because we have previously demonstrated that HCV RNA replication requires fatty-acid synthesis (12) , it was interesting that the inhibitory effect on HCV replication by PUFAs is not mediated by an inhibition of lipogenesis (Fig. 5) , suggesting that PUFAs inhibit HCV RNA replication by some other mechanism. In addition to their roles in regulating lipogenesis, PUFAs have been demonstrated to interfere with membrane fluidity (38) , and certain PUFAs, such as arachidonic acid, can be metabolized into short-lived prostaglandins, leukotrienes, and thromboxanes, which serve as ligands for G-protein-coupled receptors (78) . Evidence in the literature suggests that PUFAs can have both positive and negative effects on the host antiviral response (reviewed in ref. 79 ). Thus, further experiments are needed to determine how PUFAs inhibit HCV RNA replication in replicon-containing cells and also whether, and to what extent, PUFAs can inhibit HCV replication in vivo.
In conclusion, we have demonstrated that HCV requires elements of the cholesterol-and fatty-acid-biosynthetic pathways for efficient replication. Further experiments to determine the precise mechanism(s) responsible for the antiviral effects of lovastatin and PUFAs may lead to the development of novel therapeutic agents for the treatment of chronic HCV infection. 
